Species spanning the animal kingdom have evolved extravagant and costly ornaments to attract mating partners. Zahavi's handicap principle offers an elegant explanation for this: ornaments signal individual quality, and must be costly to ensure honest signalling, making mate selection more efficient. Here we incorporate the assumptions of the handicap principle into a mathematical model and show that they are sufficient to explain the heretofore puzzling observation of bimodally distributed ornament sizes in a variety of species.
BACKGROUND
Darwin was the first to suggest that both natural and sexual selection play a role in the evolution of mating displays [1] . Natural selection is the shift in population traits based on an individual's ability to survive and gather resources, while sexual selection is the shift in population traits based on an individual's ability to mate with more or better partners. Natural selection alone cannot explain ornaments because they hinder survival and provide little to no benefit to the individual [2] [3] [4] . Darwin hypothesised that female preference for exaggerated mating displays drives the evolution of male ornamentation, but he was unable to explain why females prefer features which clearly handicap the males.
Zahavi's handicap principle attempts to resolve the paradox proposed by Darwin [5] . It argues that, because costly ornaments hinder survival, only the highest quality individuals can afford significant investment in them. Thus the cost (often correlated with size) of an ornament truthfully advertises the quality of an individual, which makes mate selection easier. There is a large body of evidence that ornaments are indeed costly to the bearer (e.g. [6] [7] [8] ), that ornaments are honest signals of quality [9] , and that females prefer mates with larger ornaments (e.g. [10] [11] [12] ).
Curiously, it has been observed that these ornament sizes frequently have bimodal distributions, resulting in distinct small-and large-"morphs" in many ornamented species (e.g., [13] [14] [15] ). Figure 1 illustrates a classic example of ornament dimorphism, the horned dung beetle [13] . While in some cases researchers have identified genetic and environmental factors associated with ornament size variation (e.g., [16, 17] ), the splitting into two distinct large-and small-ornamented subpopulations (morphs) remains puzzling. We believe that this widelyobserved bimodality is in fact a consequence of the handicap principle, and propose a general mathematical model for its origin. [13] with permission.
MODEL
With the goal of examining the quantitative implications of the handicap principle, we construct a minimal dynamical systems model for the evolution of extravagant and costly ornaments on animals. This proposed model incorporates two components of ornament evolution: an intrinsic cost of ornamentation to an individual (natural selection), and a social benefit of relatively large ornaments within a population (sexual selection). We show that on an evolutionary time scale, identically healthy animals can be forced to split into two morphs, one with large ornaments and one with small. To express our model, we introduce the idea of a "reproductive potential" ϕ. This can be though of as similar to fitness, though our definition differs from the fitness function commonly used in the replicator equation [18, 19] (we make the relationship between the two explicit in the supplemental information). Over long time scales the effect of evolution is to select for individuals with higher reproductive potential.
Consider an individual reproductive potential ϕ (ind) of a solitary male with ornament size a (e.g., a deer with ornamental antlers). Some ornaments have practical as well as ornamental value (e.g., anti-predation [20, 21] ), but have a deleterious effect beyond a certain size. We therefore expect that there exists an optimal ornament size (possibly zero), for which individual potential is maximum, and thus take this to be a singly-peaked function of ornament size. For simplicity we assume the quadratic form 1 ϕ (ind) = a(2a opt − a).
(1)
Following the handicap principle, we expect the optimal ornament size a opt = a opt (h) to be an increasing function of "intrinsic health" h-i.e., healthier individuals can afford larger ornaments. See figure 2 (a) for the general shape of the individual reproductive potential function. Next, we consider a social reproductive potential ϕ (soc) that captures the effects of competition for partners (i.e., sexual selection). We assume social potential is an increasing function of ornament size because sexual selection often favours larger or more elaborate ornaments [11] . For simplicity, and motivated by the ubiquity of power laws in nature [22, 23] , we choose social potential to be a power of the difference between a male's ornament size and the average herd ornament size. To ensure monotonicity, we force the social reproductive potential to be antisymmetric about the average ornament size. The social potential is then
where the positive parameter γ quantifies the rate at which deviations from the mean influence reproductive potential, sgn is the sign function, andā represents the average ornament size in the population. Refer to figure 2 (b) for an example of the social reproductive potential function.
Because both natural and sexual selection play a role in the evolution of ornaments [24] , we take total reproductive potential to be the weighted average
where s tunes the relative importance of competitive social effects (sexual selection) versus individual effects (natural selection). See figure 2 (c)-(e) for examples of total potential functions. Assuming that evolutionary forces optimise overall reproductive potential at a rate proportional to the marginal benefit of ornamentation, ornament sizes will follow the dynamics
with time-scaling parameter c > 0. Note that this model does not presume that individual ornaments explicitly change size: the "phenotype flux" da/dt is simply a way of describing how the distribution of ornament sizes in a large animal population changes over long time scales as a result of selection processes. This results in a piecewise-smooth ordinary differential equation for the ornament size flux,
where N is the population size. Plugging (5) into the continuity equation yields a replicator equation for the evolution of the ornament size distribution (see supplemental information).
RESULTS

Numerical exploration
For biologically relevant values of the social sensitivity parameter γ, our model predicts stratification into distinct phenotypes for an identically healthy population. See figure 2 (f)-(h) for the time evolution of ornament size for several values of γ.
For 0 < γ < 1, the ornament sizes stratify into largeornament and small-ornament groups, with the majority possessing a large-ornament "morph." For the special case γ = 1, equilibrium ornament sizes are uniform. For 1 < γ < 2, the population again stratifies into large-and small-ornament morphs, but the majority have small ornaments. For γ ≥ 2, the ornament sizes may equilibrate to a uniform state, or ornament sizes may grow without bound, depending on initial conditions. These qualitative results are consistent for all a opt and 0 ≤ s < 1. While for clarity we have presented predictions of a specific minimal model, the qualitative results hold for a wide range of models. See the Discussion section for the generality of model predictions.
Analytical results
As numerical integration shows that the uniform and two-morph steady states are of interest, we concentrate our analysis on these equilibria. However, it can also be shown graphically that uniform and two-morph steady states are the only possible solutions for a wide range of potential functions (see supplemental information).
Uniform steady state. To investigate the uniform equilibrium with an identically healthy population, we set a =ā producing the single ordinary differential equa- We use a quadratic function. (b) Example social potential function, antisymmetric about the population meanā. We use an anti-symmetrised power law such that the shape depends on the social sensitivity γ (blue dashed is γ = 0.5; maroon solid is γ = 1.5; gold dot-dashed is γ = 4.5). (c) Example total reproductive potential function at equilibrium for γ < 1. There are two local maxima corresponding to two distinct morphs, with the larger ornament morph having the highest potential (here γ = 0.5). (d) Example total potential function at equilibrium for 1 < γ < 2. There are two local maxima corresponding to two distinct morphs, with the smaller ornament morph having the highest potential (here γ = 1.5). (e) Example total potential functions at equilibrium for γ > 2. There is only one local maximum, and (due to omission of effects far from equilibrium) total potential may diverge for large ornament size (here γ = 2.5). Note that the fitness landscape is distinct for each population representative, and representatives are not assumed to be identical. 
The steady state is clearly a = a opt . Linear stability analysis within this identical ornament manifold shows the fixed point a = a opt is stable for all γ, but numerical simulation suggests that the uniform fixed point is only stable for γ ≥ 2. To resolve this apparent discrepancy, we investigate the uniform fixed point of (5) in the continuum limit, and evaluate stability without restriction to the uniform manifold. We are then able to find γ-dependence that agrees with simulations (details in supplemental information). Two-morph steady state. To investigate the twomorph equilibrium, we assume all males have one of two ornament sizes a 1 and a 2 . Taking x to be the fraction of males with ornament size a 1 , and N → ∞, the dynamical system becomes
There exists one two-morph steady state: The eigenvalues for the linearised system constrained to this two-morph manifold are λ 1 = −2(1 − s)/s and λ 2 = 2(γ − 2)(1 − s)/s. Clearly, the two-morph equilibrium is stable (within the two-morph manifold) for 0 < γ < 2 and unstable for γ > 2, when λ 2 > 0. Curiously, the stability of the two-morph equilibrium does not depend on x, the morph fractionation. This presents an apparent problem because numerical simulation suggests that only certain ranges of x are stable: see figure 3 (c). Similarly to the uniform fixed point analysis, we investigate the fixed points of the model in the continuum limit, and evaluate stability without restriction to any manifold. We are then able to find x-dependence that agrees well with simulations: see figure 3 (d) (details in supplemental information). 
MODEL VALIDATION
We now revisit our simplifying assumption that all males are equally healthy. More realistically, we allow the intrinsic health h to be taken from some distribution (perhaps set by genetic, developmental, or environmental factors). Suppose this distribution is such that the individual optimal ornament size a opt (h) is normally distributed. Then the stable two-morph steady state changes from a weighted sum of perfectly narrow Dirac delta functions to a distribution roughly resembling the sum of two Gaussians-usually a bimodal distribution.
Marginal histograms in figure 4 (a),(b) show examples of steady states with varied intrinsic health.
These examples resemble data from many species that grow ornaments. Figure 4 (c),(d) show two examples of real-world ornament distributions that exhibit bimodality. Note that we do not expect the exact shape of the real-world distributions to match our simulations because the measured quantities will not necessarily be linear in cost. However, bimodality will be preserved regardless of the measured quantity.
In a literature search, we found a number of published data sets showing size distributions of suspected ornaments; 24 were of sufficient quality for testing agreement with this model. In 13 of those data sets we found some evidence for rejecting the hypothesis of unimodality: the data were more consistent with a mixture of two or more Gaussian distributions than with a single Gaussian. In seven data sets, we found stronger evidence: nonparametric tests rejected the hypothesis of unimodality. Note that other data sets were not inconsistent with bimodality, but small sample sizes often limited the power of statistical testing. See supplemental information for histograms and statistical tests of additional data sets.
DISCUSSION
Implications for honest signalling
Assuming this model adequately represents the handicap principle, we may ask if ornament size really does honestly advertise quality. In other words, if a female can choose among all the males, is she able to detect the healthiest (or weakest) males simply by looking at ornament size? Again taking the optimal ornament size a opt to be normally distributed, we examine the Kendall rank correlation between intrinsic health (as indicated by our proxy a opt ) and equilibrium ornament size.
We find that the advertising is mostly honest, at least for large enough variance in health. Both observational and experimental work supports this finding [9] . 
Generality
It is natural to wonder about the generality of the results we have presented here. For a reasonable set of potential functions (described below), the only possible stable equilibria are multimodal distributions of ornament size. The following are the requirements for our reasonable potential functions:
1. Individual effects dominate potential for large ornament sizes. Specifically,
This prevents ornament size from growing without bound, as can occur in model (5) for γ ≥ 2 (see figure 2 (e)).
2. Social effects dominate potential for at least some range of ornament sizes greater than the population mean. In other words, [25] (N =20, KDE bandwidth=0.01). (d) Normalised histogram for dung beetle horn length [26] (N =644, KDE bandwidth=0.2).
for at least some range of a >ā. Failure to meet this criterion could be considered "false" ornamentation, as in model (5) for γ = 1.
Assuming the potential functions are continuous 3 , these criteria guarantee that two or more morphs will emerge (see supplemental information for details).
CONCLUSIONS
The independent evolution of costly ornamentation across species has puzzled scientists for over a century.
Several general evolutionary principles have been proposed to explain this phenomenon. Among the prominent hypotheses is the handicap principle, which posits that only the healthiest individuals can afford to grow and carry large ornaments, thereby serving as honest advertising to potential mates. We base a minimal model on this idea and find that, surprisingly, it predicts twomorph stratification of ornament size, which appears to be common in nature.
Importantly, the two morphs both have ornament sizes larger than the optimum for lone individuals. This means that the population survival potential, as indicated by the population average of individual potential ϕ (ind) , is reduced. Due to the presence of ornaments, we conclude that the evolutionary benefits of honest advertising must outweigh the net costs of ornamentation when the displays exist in nature. 
THE CONNECTION BETWEEN POTENTIAL AND FITNESS
Many evolutionary dynamics problems begin with the replicator equation [1] , which in the continuum limit is as follows:
where p is the probability distribution of a continuous phenotype a at time t, f is the fitness of a phenotype (say, ornament size or brightness) given a population state, andf = ∞ −∞ f (a, p)p(a, t) da is the average population fitness [2] .
Given that probability must be conserved, the distribution of phenotypes must also follow the continuity equation
This formulation differs from the replicator equation (S1) in that it requires specification of the phenotype flux da/dt rather than fitness f . Our approach treats this flux as derivable from some potential function, which we refer to as ϕ, the net "reproductive potential" (see equation (3)). Intuitively, the relationship between our phenotype flux da/dt and the more commonly used replicator equation approach (the upward distribution flux) can be seen in figure S1. These reflect interchangeable ways of viewing the evolutionary process of optimising the probability distribution p(a, t).
We can express the relationship between the two approaches mathematically simply by equating the right-hand-sides of equations (S1) and (S2), yielding
where the last equality makes use of equation (4). Integrating equation (S3) once with respect to a and using equation (4) yields an integro-differential equation for ϕ in terms of f :
assuming p da/dt → 0 as a → −∞.
FIXED POINTS FOR GENERAL CLASS OF POTENTIAL FUNCTIONS WITH MINIMUM OF 2 MORPHS
In our analysis of (5), we claim that "reasonable" potential functions lead to stratification from a nearly uniform population into multiple distinct morphs. Here we examine in more detail what we mean by "reasonable". Again we consider a potential function
where ϕ (soc) is a continuous and differentiable increasing function of ornament size, and ϕ (ind) is a continuous, singlypeaked function of ornament size. Assuming that the dynamics are such that ornaments grow on an evolutionary time scale at a rate proportional to marginal potential gain, and we have da dt = 0 only for a ≥ a opt . We further assume that the following two criteria are satisfied:
1. Individual effects dominate reproductive potential for large ornament sizes. Specifically,
This prevents ornament size from growing without bound, as can occur in equation (5) for γ ≥ 2.
2. Social effects dominate reproductive potential for at least some range of ornament sizes greater than the population mean. In other words,
for at least some range of a >ā. Failure to meet this criterion could be considered "false" ornamentation, as can occur in equation (5) for γ = 1.
Assuming that the two-sided limits exist everywhere for both potential functions (a less strict requirement than continuity), these criteria guarantee that two or more morphs will emerge. See figure S2 (a)-(c) for graphical proof.
FIXED POINTS FOR GENERAL CLASS OF POTENTIAL FUNCTIONS WITH MAXIMUM OF 2 MORPHS
In our fixed points analysis of equation (5), we only consider uniform and two-morph steady states. We now show that these are the only types of fixed points for a wider class of potential functions, including our potential function (3) . Consider a more general total potential function
where ϕ (soc) is a continuous and differentiable increasing function of ornament size, and ϕ (ind) is a continuous, singlypeaked function of ornament size. Similar to our previous general class of potential functions, is proportional to da/dt, so intersections of individual and social potentials are the fixed points. Stable fixed points are marked with a filled black dot, and unstable fixed points are marked with an unfilled black dot. The total potential is inset. (a) An example of potential functions that satisfy restriction (S6), but not restriction (S5). In this case, the population will evolve to a uniform state. (b) An example of potential functions that satisfy restriction (S5), but not restriction (S6). In this case, both a stable uniform state and unbounded growth are possible. (c) An example of potential functions satisfying both restrictions (S5) and (S6). These conditions guarantee that the population will evolve into at least two morphs. (d)-(i) With restrictions (S8), the only possible stable steady states (filled black dots) are one-or two-morphs. Note that the system may or may not have an unstable node (unfilled black dots), or it may have no fixed points.
we conclude that da dt = 0 only for a ≥ a opt . This implies that equilibrium ornament sizes (if an equilibrium exists) will all be at least as large as the optimal. Because this is a first order ordinary differential equation model, we also know that oscillations are not possible.
We further assume that
In other words, individual potential is quadratic, and the derivative of social potential is either concave up or concave down, except possibly at the mean. With these additional restrictions on the potential function, only uniform and two-morph stable fixed points are possible. See figure S2 (d)-(i) for graphical proof. Our model (5) satisfies all restrictions, so we conclude that our exploration of the one-and two-morph steady states was a thorough investigation of all possible fixed points.
CONTINUUM LIMIT
We have thus far analysed the phenotype dynamics (5) of a system of N population representatives. The fixed points of this system are a discrete set of ornament sizes. Now we take N → ∞, which turns the N ordinary differential equations into a partial integro-differential equation for a continuous distribution of ornament sizes p(a, t). The equation we derive is the replicator function for continuous phenotypes [2] .
We use conservation of probability to find the governing equation for the probability density function p(a, t). The probability of a male having an ornament size in (a, a + da) for small da is approximately p(a, t) da. Given our assumption that individuals are neither created nor destroyed in (a, a + da), we have
In other words, the change in individuals in the sliver (a, a + da) is equal to the number that enter the sliver minus the number that leave. In the limit da → 0, we get the continuity equation
The dynamics of a follow (5) in the limit N → ∞
where the mean ornament size isā = ∞ −∞ a(t) p(a, t) da.
We substitute (S10) into (S2) to get a partial integro-differential equation for the probability density function p(a, t) for ornament size ∂p ∂t = −c ∂ ∂a p s γ|a −ā| γ−1 + 2(1 − s) (a opt − a) . (S11)
Continuum limit uniform steady state
Now that we have established the continuum limit of the discrete model, we wish to investigate the fixed points we found previously. Within this continuum framework, the uniform fixed point a = a opt is the delta distribution p(a, t) = δ(a − a opt ).
(S12)
Previously, we investigated the stability of the uniform steady state by perturbing every member of the population by the same arbitrary, small amount. If we wished to repeat this investigation for the continuum model, we would shift the peak of the delta function by an arbitrary small amount from a opt to some a 0 . To make stability analysis more general, we also consider widening the delta function into a narrow Gaussian with an arbitrary small standard deviation σ. Figure S3 (a),(b) illustrate this idea. We now wish to confirm that this continuum representation (S10) of the model is consistent with our discrete model (5), at least near the simplest fixed point (the uniform state). Based on our previous stability analysis, we expect that a 0 will shift back to a opt and the width of the peak will shrink to 0 for γ ≥ 2. However, we do not know how quickly these shifts occur relative to each other.
We will first investigate the dynamics of a 0 (i.e. σ is effectively constant on the time scale of interest). Then the "perturbed" distribution is the narrow Gaussian p(a, t) = 1 σ √ 2π e −(a−a0(t)) 2 /2σ 2 (S13) with constant σ 1 and a 0 (t) near the fixed point a opt . Plugging (S13) into the continuity equation (S2), and solving for the highest order (fastest) dynamics of a 0 , we see
Note that (S14) is only true if σ → 0 + faster than a → a 0 . If we instead assume σ → 0 + slower than a → a 0 , the right-hand side of (S14) is unbounded, and therefore inconsistent with the discrete model. Taking a → a 0 in (S14), we see as expected
As we see that σ shrinks to 0 faster than a → a 0 , we investigate the dynamics of σ(t) 1 for a 0 = a opt . Again, we take p(a, t) to be a narrow Gaussian distribution
Substituting (S15) into (S2) and Taylor expanding about σ = 0 gives
We see that as a → a 0 = a opt for γ < 2, the uniform fixed point is unstable
These results agree with the finite N model.
Continuum limit two-morph steady state
Next, we investigate the stability of the two-morph steady state. Similar to our investigation of the uniform steady state, we "perturb" the two-morph steady state to the weighted sum of two narrow Gaussian distributions
where a 1 and a 2 are given by the two-morph fixed point (8) . Figure S3 (c),(d) illustrate this idea. Plugging (S16) into the continuity equation (S2) and usingā = xa 1 + (1 − x)a 2 , we get a system of two ordinary differential equations for the evolution of σ 1 and σ 2 :
where λ 1 and λ 2 depend on a opt , s, x, and γ (expressions omitted due to length). Setting a opt = 1 and s = 1/2 for instance, we plot the stability region (i.e., where λ 1 , λ 2 < 0) for the two-morph steady state in terms of social sensitivity γ and the proportion of males in the large-ornamented group. See figure 3 (d) . This is the same stability region we found numerically, which resolves the apparent discrepancy we saw when perturbing the locations of the peaks, but not the widths of the peaks of the two-morph steady state distribution. We have confirmed numerically that convergence to the two-morph fixed points is approximately exponential. 
EIGENVALUES OF SYSTEM AS N → ∞
When investigating the stability of the two morph steady state, we chose to take the continuum limit of the model and then investigate the dynamics of the standard deviation of a Gaussian perturbation to the two morph equilibrium. Now we look at the eigenvalues of the finite N system in the limit N → ∞.
Scaling time such that c = 1, the Jacobian for the system (5) has diagonal elements
and off-diagonal elements
As N → ∞,
indicating that for large N , the Jacobian matrix is approximately diagonal. Therefore, the diagonal elements are approximately the eigenvalues. Plugging in the two morph fixed point (8), we get two eigenvalues λ 1 and λ 2 with multiplicity xN and (1 − x)N respectively. If we plot the stability region (i.e. where λ 1 , λ 2 < 0), we see that it's the same as that of the continuum model seen in figure 3 (d) .
STATISTICAL ANALYSIS OF ORNAMENTATION DATA
Our model for the evolution of costly mating displays predicts the emergence of two distinct morphs of ornament sizes. We tested whether the two-morph state was detectable in a variety of ornament datasets (Figs. S5,S6) . Three approaches were used: a parametric mixture-model fit; the nonparametric but highly conservative Hartigans' Dip Test for bimodality [3] ; and a simulation-based nonparametric test which improves upon the Hartigan test sensitivity.
We present test results for Hartigans' Dip Test and the simulation-based nonparametric test, called the LUU (Least Unimodal Unimodal) test for reasons that will be clear, in Table I. Test results for the parametric-model fit are in  Table II .
Parametric two-morph test
All count and size measurement data were log-transformed prior to analysis (as is typical for physical measurements) to account for the bounded support of size distributions. Here, we make the assumption that ornament sizes within a morph will be log-normally distributed, and that a multi-morph state will exhibit a mixture of distributions. We thus fit Gaussian mixture models with 1-5 components of unequal variance to the log-transformed data and find the number of components that yields the best BIC [4] . In the absence of a social fitness pressure, we expect the best fit to be a single Gaussian (corresponding to the one morph state), while the two-morph state predicted from our model will have the best fit with ≥ 2 components.
Hartigans' dip test
An essential drawback of using the above mixture model fit to assess the number of ornament-size morphs in the data is that it is extremely sensitive to deviations from the parametric assumption that a one-morph state will be well-described by a single Gaussian. False positives are likely when those assumptions are violated; if a single-morph state has a skewed (or otherwise non-normal) distribution, a mixture of ≥ 2 Gaussians will generally give a higher BIC than a single-component distribution.
A more conservative approach is to look for evidence of strict multimodality (with dips in the distribution), rather than a mixture (which may not exhibit a "dip"). Hartigan and Hartigan define the dip statistic D as the maximum difference between the empirical cumulative distribution function and the CDF of the unimodal distribution that minimises that maximum difference. The reference distribution is customarily taken to be the uniform distribution, the least singly-peaked of all unimodal distributions. The p-value for the dip is calculated by comparing D to those obtained from repeated samples of the same size drawn from a uniform distribution. The dip test thus measures whether the empirical distribution of the data exhibits greater departure from unimodality than would be expected from a sample of the same size if the underlying distribution were uniform.
Bootstrap dip test
While the mixture test may be overly sensitive in detecting deviations from a single morph, Hartigans' dip test is likely to be excessively conservative and insensitive at small sample sizes. A finite sample drawn from a uniform distribution will, with high probability, have a larger dip by chance than a finite sample drawn from a two-morph distribution such as those shown in Fig 4 (a) ,(b).
To address this problem, we propose a bootstrap dip test which takes as its reference distribution the "least unimodal" unimodal density estimate of the sample. Given a finite sample, we construct a kernel density estimate (KDE) using a Gaussian kernel at various bandwidths. At very large bandwidths, the KDE will be unimodal; as the bandwidth is reduced, the KDE will approach a multimodal distribution with as many modes as there are unique values in the dataset. We define the least-unimodal unimodal (LUU) distribution to be that obtained from the smallest bandwidth for which the KDE is still strictly unimodal.
From this LUU density estimate, we generate random samples of the same size as the original data, and compute their dip statistics. These bootstrapped samples serve as the reference distribution against which the dip statistic of the data is compared. This test thus measures whether the empirical distribution of the data exhibits greater departure from unimodality than would be expected from a sample of the same size if the underlying distribution were the unimodal distribution best fit to the sample. Figure S4 illustrates that this bootstrap dip test is more sensitive to bimodality than Hartigans' Dip Test. For small sample sizes of bimodal data, like we have for most of our animal data sets, the p-values for bimodality using Hartigans' Dip Test (blue) are larger than our bootstrap dip test (red). As the sample size increases, we gain significance using our test first and Hartigans' Dip Test eventually, showing our test is less conservative. The data used here are equilibrium states of our model (5) for γ = 1.5, s = 0.5, and aopt drawn from a normal distribution with mean 1 and standard deviation 0.25. We know these samples are bimodal. Error bars are standard deviations from 10 trials.
ADDITIONAL DATA AND ANALYSIS
We have additional data sets of ornament distribution from various species in Figs. S5 and S6. The kernel density curves are superimposed for reference. If body size is a form of advertising, then we may also use data of salmon [24] , trout [25] , wolf spiders [26] , and other bimodally distributed species. See figure S7 .
While this work is based on mating displays in the animal kingdom, we hypothesise that similar forces operate on plants that compete within their own species for resources. For instance, a tree's height could be analogous to ornament size in our model, in that growing taller incurs costs to the individual, but being relatively taller in a forest has competitive benefits. In fact, certain tree species exhibit bimodal height distributions [27, 28] . See figure S8 .
CONNECTION TO SPECIATION MODELS
We speculate that the mechanism we describe here may also have implications for speciation. Models of speciation presented in Lande [29] and Stewart [30] are similar to our ornamentation model in both form and outcome. Stewart claims that for an all-to-all system of behaviourally identical individuals (like ours), the population will split into two species for most environmental conditions. Like our social sensitivity γ, Stewart's environmental factor λ varies on a slow time scale relative to the dynamical system. Also like our model, Stewart's model exhibits similar fractionation (simulating 100 individuals, the population splits into "clumps" of 84 and 16).
Lande uses quantitative genetics techniques to show that sexual selection may lead to speciation. Our model is quite similar to Lande's model interpreted on a logarithmic scale. Like our model, Lande's sexual selection alone would lead to runaway ornament sizes, but natural selection stabilises growth. Unlike our model, Lande states that "natural selection on mating preferences also creates the possibility of evolutionary oscillations." Because we ignore the long time scale effects of female choice, our model precludes the possibility of oscillations. ; therefore our LUU test is more likely to reject unimodality. We performed both tests on log-transformed data because tissue measurements are often log-normally distributed [22] . We note in the rightmost column if the unimodality tests reject the null hypothesis that the distributions of ornament size are unimodal. Note that we exclude p-values for log-transformed data (NA) if the original data is not a straight-forward measurement of tissue investment. TABLE II . We fit Gaussian mixture models with 1-5 components of unequal variance to the animal ornamentation data sets and find the number of components that yields the best BIC [4] . We performed this fit on log-transformed data because tissue measurements are often log-normally distributed [22] . Note that we exclude Gaussian mixture models for log-transformed data (NA) if the original data is not a straight-forward measurement of tissue investment. 
